More than half of all human genes produce prematurely terminated polyadenylated short mRNAs. However, the underlying mechanisms remain largely elusive. CLIP-seq (cross-linking immunoprecipitation [CLIP] combined with deep sequencing) of FUS (fused in sarcoma) in neuronal cells showed that FUS is frequently clustered around an alternative polyadenylation (APA) site of nascent RNA. ChIP-seq (chromatin immunoprecipitation [ChIP] combined with deep sequencing) of RNA polymerase II (RNAP II) demonstrated that FUS stalls RNAP II and prematurely terminates transcription. When an APA site is located upstream of an FUS cluster, FUS enhances polyadenylation by recruiting CPSF160 and up-regulates the alternative short transcript. In contrast, when an APA site is located downstream from an FUS cluster, polyadenylation is not activated, and the RNAP II-suppressing effect of FUS leads to down-regulation of the alternative short transcript. CAGE-seq (cap analysis of gene expression [CAGE] combined with deep sequencing) and PolyA-seq (a strand-specific and quantitative method for high-throughput sequencing of 3' ends of polyadenylated transcripts) revealed that position-specific regulation of mRNA lengths by FUS is operational in two-thirds of transcripts in neuronal cells, with enrichment in genes involved in synaptic activities.
Fused in sarcoma/translocated in liposarcoma (FUS/TLS) is a member of the FET (TET) family, which includes EWS/EWSR1 (Ewing sarcoma breakpoint region 1) and TAF15/TAFII68 (TATA-binding protein-associated factor II, 68 kDa). The characteristic of this family of proteins is that they are ubiquitously expressed RNA-binding proteins that are components of fusion oncogenes that cause human cancers (Tan and Manley 2009; Mackenzie et al. 2010) . Recent studies have revealed that mutations in these genes are implicated in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) (Kwiatkowski et al. 2009; Vance et al. 2009; Ticozzi et al. 2011; Couthouis et al. 2012) .
Although individual molecular mechanisms are still being investigated, it is known that FUS has multiple functions, including transcriptional regulation, nucleocytoplasmic shuttling, pre-mRNA splicing, microRNA (miRNA) processing, formation of stress granules, and RNA transport (Lagier-Tourenne et al. 2010) . Transcriptional regulation by FUS is achieved by direct binding of FUS to RNA polymerase (RNAP) II (Schwartz et al. 2012 ) and the general transcription factor TFIID (Bertolotti et al. 1996) , which binds to the promoter regions of genes transcribed by RNAP II. Chromatin immunoprecipitation (ChIP)-on chip analysis using promoter microarrays has demonstrated FUS binding to ssDNA in promoter regions in HeLa cells (Tan et al. 2012) . Interestingly, FUS inhibits the histone acetyltransferase (HAT) activity of CREB-binding protein (CBP) and p300 on the cyclin D1 (CCND1) promoter in HeLa cells . Assembly of FUS-CBP/p300 in the CCND1 promoter region requires a noncoding RNA (ncRNA) . We previously reported that the identity of the ncRNA in this assembly is an antisense long ncRNA (lncRNA) that is generated from the promoter regions of a wide array of genes (Ishigaki et al. 2012) . Additionally, FUS suppresses Ser2 phosphorylation on the C-terminal domain (CTD) of RNAP II through a direct interaction. ChIP-seq (ChIP combined with deep sequencing) analysis also revealed that migration of FUS to the vicinity of transcription start sites (TSSs) suppresses RNAP II accumulation around TSSs (Schwartz et al. 2012) .
In addition to its role in regulating promoter activity and transcription initiation, FUS is involved in pre-mRNA processing. FUS is detectable in the spliceosome (Rappsilber et al. 2002; Zhou et al. 2002) and interacts with RNA processing factors, including SR proteins (Yang et al. 1998) , SMN complexes, and U1 snRNP (Yamazaki et al. 2012) . Our group and others have demonstrated by CLIP-seq (cross-linking immunoprecipitation [CLIP] combined with deep sequencing) analyses that the binding of FUS is enriched in the region of exons that are undergoing alternative splicing (Ishigaki et al. 2012; Lagier-Tourenne et al. 2012; Rogelj et al. 2012) . We also previously reported that aberrantly spliced genes induced by Fus knockdown are different in primary motor neurons, cortical neurons, glial cells, and cerebellar neurons (Fujioka et al. 2013) .
The mature 3 ′ ends of almost all eukaryotic mRNAs are cotranscriptionally generated by cleavage of the premRNA followed by the addition of a polyadenylated tail downstream from the cleavage product. The assembly of the components that process the pre-mRNA 3 ′ end is initiated by a cooperative interaction of the cleavage and polyadenylation specificity factor (CPSF) and the cleavage stimulation factor (CstF). CPSF is a protein complex that contains six subunits (CPSF160, WDR33, CPSF100, CPSF73, Fip1, and CPSF30) and specifically recognizes the polyadenylation signal (PAS) that is located upstream of the cleavage site . Alternative polyadenylation (APA) is increasingly being recognized as a critical mechanism for eukaryotic gene regulation, with over half of all human genes producing alternatively polyadenylated mRNAs (Di Giammartino et al. 2011 ). There are two major types of APA sites: those that occur in the exon at the 3 ′ end and those present in an upstream exon (Tian and Manley 2013) . Both types should change the 3 ′ untranslated region (UTR) but may or may not change the coding sequence. Recent global analyses revealed that Nova1 (Licatalosi et al. 2008 ) and PABPN1 (Jenal et al. 2012) regulate APA sites of the first type, and U1 snRNP (Kaida et al. 2010; Berg et al. 2012 ) and CstF64 (Yao et al. 2012) regulate APA sites of the second type. However, all of the molecules associated with APA regulation have yet to be fully elucidated.
The objective of our present study was to comprehensively analyze signatures of FUS in RNA processing. In naïve Neuro2A (N2A) cells, we performed CLIP-seq of FUS. We also performed ChIP-seq of RNAP II, Nascent-seq (genome-wide sequencing of nascent RNA), CAGE-seq (cap analysis of gene expression [CAGE] combined with deep sequencing), and PolyA-seq (a strand-specific and quantitative method for high-throughput sequencing of 3' ends of polyadenylated transcripts) in Fus silenced N2A cells. We report that binding of FUS in the interior portion of nascent RNA results in the stalling of RNAP II and early termination of transcription. We also demonstrate that FUS interacts with CPSF160. When FUS binds downstream from the PAS of an APA site, FUS promotes binding of CPSF160 to PAS-containing RNA and facilitates polyadenylation. In contrast, we observed that when FUS binds upstream of the PAS of an APA site, polyadenylation is not induced. Thus, binding of FUS downstream from or upstream of PAS leads to up-regulation or down-regulation, respectively, of the generation of an alternative short transcript. Gene ontology (GO) analysis revealed an enrichment of genes involved in synaptic activities among FUS-regulated short transcripts.
Results

CLIP-seq determination of transcriptome-wide FUS signature and Fus knockdown-mediated gene expression alterations
To assess FUS-RNA interactions, we performed CLIP-seq analysis of FUS using N2A mouse neuroblastoma cells (posted to DNA Data Bank of Japan [DDBJ] , accession no. DRA001190). We identified 37,119 FUS-binding clusters using a peak detection algorithm, MACS (Zhang et al. 2008) . Consistent with the previous reports in which CLIP-seq analyses were performed (Ishigaki et al. 2012; Lagier-Tourenne et al. 2012; Rogelj et al. 2012) , ∼70% of these clusters were distributed in intronic regions ( Fig.  1A ; Supplemental Fig. S1A ), with the FUS CLIP tag density highest at the 5 ′ end and decreasing toward the 3 ′ end of long introns ( Fig. 1B; Supplemental Fig. S1B ). We also confirmed that introns covered by a larger number of FUS CLIP tags were more conserved in genes encoding RNAbinding proteins, as previously described (Supplemental Fig. S1C ; Nakaya et al. 2013) . Motif analysis using the HO-MER algorithm (Heinz et al. 2010) showed that GU-rich motifs were enriched in FUS CLIP clusters and distributed around cross-linking sites, in agreement with the previous findings that FUS recognizes GU-rich nucleotides with weak specificity (Fig. 1C,D ; Hoell et al. 2011; Lagier-Tourenne et al. 2012; Rogelj et al. 2012) .
Next, we knocked down Fus in N2A cells using specific siRNAs (Supplemental Fig. S1D ). To look for targets of FUS, we performed directional mRNA sequencing (mRNA-seq) (DDBJ accession no. DRA001198) of Fus silenced N2A cells. Differential expression analysis of this RNA-seq data filtered at P < 0.01 (using Cuffdiff analysis) (Trapnell et al. 2013 ) revealed 259 mRNAs that were up-regulated and 312 that were down-regulated as a result of knocking down Fus. To assess the relationship of RNA binding of FUS and the gene expression changes due to Fus silencing, we divided the genes into three categories based on relative gene expression. The results showed that genes that were up-regulated in Fus silenced cells had more FUS CLIP tags (Fig. 1E) , suggesting the possible involvement of FUS-RNA interaction in transcription suppression.
Binding of FUS to nascent RNA induces stalling of RNAP II
The role of FUS-RNA interaction in the regulation of RNAP II activity in cells is not well understood. To determine the relationship between FUS-RNA interaction and RNAP II distribution, we performed ChIP-seq analysis (DDBJ accession no. DRA001194) with the 8WG16 antibody, which recognizes the hypophosphorylated CTD. This produces a ChIP-seq pattern similar to phosphorylation-insensitive RNAP II antibodies (Bataille et al. 2012) . We first calculated the RNAP II travelling ratio (TR) of all transcribed genes because previous reports demonstrated that Fus silencing recruits RNAP II around TSSs and increases TR in a cell type-specific manner (Schwartz et al. 2012 (Schwartz et al. , 2014 . TR is the ratio of RNAP II density in the promoter-proximal peak region to that within the gene body (Reppas et al. 2006) . Consistent with the previous reports, we confirmed that Fus knockdown was associated with a significant elevation of the average TR by 1.08-fold (Supplemental Fig. S2A ). We then assessed the relationship between the distribution of RNAP II ChIP tags and FUS CLIP clusters. We observed an enrichment of RNAP II ChIP tags in siCont-treated cells in genes such as Ewsr1 and Taf15 that had large FUS CLIP clusters ( Fig. 2A) . This enrichment was not observed in siFus-treated cells. We noticed that the RNAP II ChIP tags were enriched in regions with the FUS CLIP clusters. Indeed, global analysis of FUS CLIP clusters and RNAP II ChIP tags demonstrated that RNAP II accumulated in regions covered by large FUS CLIP clusters in an FUS-dependent manner (Fig. 2B) .
Additionally, we performed ChIP analysis of Ewsr1 and Taf15 using antibodies against the entire RNAP II (N20 antibody) and Ser2-phosphorylated CTD (H5 antibody). Fus knockdown resulted in a decrease in the accumulation of total RNAP II and an increase in pSer2-RNAP II, which was conspicuous in regions where FUS CLIP tags were enriched (Supplemental Fig. S2B ). These observations are consistent with previous reports that binding of FUS to the CTD is enhanced by RNA in vitro (Schwartz et al. 2013) and that FUS suppresses Ser2 phosphorylation of the CTD in vitro (Schwartz et al. 2012) .
To understand the role of FUS-dependent accumulation of RNAP II in transcription, we used Nascent-seq (DDBJ accession no. DRA003231) (Menet et al. 2012 ) to determine the effect of Fus knockdown on the expression levels of nascent transcripts around FUS CLIP clusters. Nascentseq analyzes nascent transcripts localized in the chromatin fraction of cells. Consistent with the accumulation of RNAP II, we observed that, following siFus treatment, the expression level of nascent transcripts was significantly enhanced around FUS CLIP clusters (Fig. 2C) , which was also confirmed in representative genes ( Fig. 2A) .
Taken together, our results demonstrate that local FUS-RNA interaction correlates with FUS-dependent accumulation of RNAP II and attenuation of nascent transcripts, suggesting that binding of FUS to nascent RNA induces local stalling of RNAP II.
FUS-nascent RNA interaction downstream from and upstream of APA sites up-regulates and down-regulates polyadenylation, respectively, according to transcriptome-wide analysis As RNAP II is a key player in RNA processing (Hsin and Manley 2012) , we were interested in assessing the TSSs and PASs in siCont-and siFus-treated cells. We performed CAGE-seq (DDBJ accession no. DRA002448) (KanamoriKatayama et al. 2011) and PolyA-seq (DDBJ accession no. DRA002447) (Derti et al. 2012) in siCont-treated and siFus-treated cells to identify and quantify TSSs and polyadenylation sites (polyA sites). We first confirmed that a majority of the reads from CAGE-seq and PolyAseq were located in 5 ′ UTRs and 3 ′ UTRs, respectively (Supplemental Fig. S3A ). We detected 36,353 TSSs and 46,081 polyA sites in both siCont-and siFus-treated cells.
We next analyzed the positional relationships of FUS CLIP clusters with APA sites, alternative TSSs, and alternative splice sites. Alternative TSSs and APA sites were identified by analyzing multiple peaks of CAGE-seq and PolyA-seq, respectively, within a single gene. Similarly, alternative splice sites were identified by analyzing RNA-seq. We observed that FUS CLIP clusters were enriched around all three kinds of alternative sites. APA sites in particular were markedly concentrated in FUS CLIP clustered regions ( Fig. 3A; Supplemental Fig. S3B ). Among the 21,526 APA sites identified by PolyA-seq, Fus knockdown resulted in the up-regulation and down- To assess the correlation between APA and FUS, we examined the FUS CLIP tags around the APA sites that were down-regulated or up-regulated in the Fus knockdown. Our analysis revealed that FUS preferentially bound downstream from the down-regulated APA sites, whereas FUS bound upstream of the up-regulated APA sites (Fig.  3B) . Consistently, among the previously reported 607 exons whose expression levels were up-regulated or downregulated in Fus-deficient mouse brains according to the microarray data (GSE40653) (Lagier-Tourenne et al. 2012), 32 up-regulated and 31 down-regulated exons harbored APA sites (according to ENSEMBL release 78). We analyzed FUS CLIP tags around these selected 63 APA sites. We generated a normalized complexity map (Licatalosi et al. 2008) around the 63 APA sites using their CLIPseq data of the mouse brain (GSE40653) (Lagier-Tourenne et al. 2012) and observed that FUS CLIP tags were clustered downstream from and upstream of the end of an exon in down-regulated and up-regulated APA sites, respectively (Supplemental Fig. S3C ). The complexity map was similar to what we observed with our data set (Fig. 3B ). These results suggest that FUS-RNA interaction downstream from and upstream of APA sites plays an important role in the activation and suppression of APA sites, respectively.
Since pausing of RNAP II immediately downstream from a PAS leads to polyadenylation and transcription termination (Nag et al. 2007; Kuehner et al. 2011; Grosso et al. 2012 ), we were interested in studying the distribution of RNAP II ChIP tags around all annotated APA sites. The analysis revealed accumulation of RNAP II upstream of and downstream from these APA sites (Supplemental Fig. S3D ). Furthermore, the accumulation of RNAP II was dependent on binding of FUS to RNA. We next analyzed the APA sites, which were either up-regulated or down-regulated following Fus knockdown. We found that FUS-dependent RNAP II accumulation occurred downstream from the down-regulated APA sites (Fig.  3B ). In contrast, FUS-dependent RNAP II accumulation occurred upstream of the up-regulated APA sites.
Zbtb24 and Ewsr1 have FUS CLIP clusters upstream of and downstream from APA sites, respectively ( Fig. 3C ; Supplemental Fig. S3E ). On these clusters, GU-rich sequences were frequently observed ( Fig. 3C ) that were preferentially recognized by FUS (Fig. 1C,D) . As expected, RT-PCR analysis showed that knockdown of Fus resulted in more alternative short transcripts of Ztbt24 and fewer alternative short transcripts of Ewsr1 (Supplemental Fig.  S3E ). Next, we overexpressed a minigene that contained either the Ztbt24 or Ewsr1 APA site (Fig. 3C) in Fus silenced cells and performed 3 ′ RACE analyses. Consistent with the expression profile of endogenous transcripts, we observed that FUS suppressed and facilitated the APA of Zbt24 and Ewsr1 minigenes, respectively ( Fig. 3C ; Supplemental Fig. S3F-H) . Furthermore, the disruption of the GU-rich sequences in FUS-clustered regions abolished responsiveness to Fus knockdown (Fig. 3C) .
In summary, our analyses revealed a positional dependence of FUS binding to RNA for the activation/ inactivation of APA and suggested the involvement of locally attenuated RNAP II activity by FUS in this regulation.
Position-specific binding of FUS to nascent RNA in the regulation of transcription termination and polyadenylation
In order to analyze FUS-dependent regulation of transcription termination and polyadenylation more directly, we examined position dependence of FUS binding using an MS2-tethering system. We engineered luciferase reporters in which the 3 ′ UTRs were replaced with short genomic segments around two representative PASs. One was a constitutive polyA site in the Gapdh gene, and the other was the APA site in the Ewsr1 gene (Fig. 4A) . The Gapdh gene was minimally covered by FUS CLIP tags, and its expression was not affected by Fus knockdown (data not shown). The Gapdh gene has a unique PAS, which consists of the consensus PAS motif, AAUAAA. No CLIP tag was observed in its vicinity (Fig. 4A) . In contrast, the Ewsr1-APA site was enriched with FUS CLIP tags (Fig. 4A) . The Ewsr1 PAS motif is AUUAAA.
We overexpressed the Gapdh-MS2-luciferase or Ewsr1-MS2-luciferase construct and also either the fusion protein of FUS and MS2 coat protein (FUS + MS2), FUS protein alone (FUS), the fusion protein of EGFP and MS2 coat protein with a nuclear localization signal (EGFP + MS2) (Masuda et al. 2008) , or EGFP protein alone (EGFP) in HEK 293 cells and measured luciferase activity. Placing and FUS-dependent RNAP II accumulation (green lines in right panels; ChIP) around APA sites that are up-regulated (red/green lines in top panels; fold change more than four, 1033 sites) and down-regulated (red/green lines in bottom panels; fold change less than one-quarter, 1977 sites) by Fus knockdown. Unchanged APA sites (fold change two-thirds to 1.5, 3833 sites) are indicated by light-gray lines. FUS-dependent RNAP II accumulation was calculated as in Figure 2A . The P-values for the differences between siFus and siCont were calculated using Wilcoxon test and are indicated by squares. (C) Position dependence of FUS binding to RNA in the activation/inactivation of APA. Fus mRNA is knocked down in N2A cells (siFus) along with overexpression of the Ztbt24/ Ewsr1 minigenes and pRL/SV40, and 3
′ RACE analyses were performed using real-time RCR quantification. Expression levels of the APA transcripts were normalized to that of Renilla luciferase, and the relative mRNA expression levels were normalized to the sample transfected with wild-type minigene (WT) and control siRNA (siCont). FUS upstream of the PAS decreased luciferase activity, whereas recruitment of FUS downstream from the PAS resulted in a pronounced increase in luciferase activity. This was observed for Gapdh-luciferase as well as Ewsr1-luciferase constructs ( Fig. 4B; Supplemental Fig.  S4A ). Replacement of the Gapdh PAS with known weak PASs (Beaudoing et al. 2000) retained the property of FUS-dependent induction of luciferase activity. However, the luciferase activity did decrease with increasing discordant nucleotides in the weak PASs (Fig. 4B) . Disruption of Gapdh PASs and Ewsr1 PASs by three or four mutant nucleotides completely abrogated FUS-dependent induction ( Fig. 4B; Supplemental Fig. S4A ), indicating that PAS is essential for this induction. RT-PCR analysis showed that tethering of FUS to the region downstream from the PAS terminated transcription and increased the rate of polyadenylation of transcripts (Supplemental Fig. S4B,C) . Tethering of FUS to the region upstream of the PAS similarly terminated transcription without inducing polyadenylation of the transcripts (Supplemental Fig. S4B ).
We next simulated FUS-mediated regulation of APA by placing an APA site and FUS-tethering site upstream of the luciferase gene (Fig. 4C) . The luciferase gene carried a constitutive SV40 polyA site at its 3 ′ end. Our 3 ′ RACE analysis revealed that placing FUS downstream from the Ewsr1-APA site resulted in activation of the proximal Ewsr1 PAS and suppression of the distal SV40 polyA site (Fig. 4D) . We also found that tethering of FUS downstream from the Ewsr1-APA site markedly suppressed luciferase activity (Fig. 4E ). This suppressive effect was independent of the proximal Ewsr1 PAS because disruption of the Ewsr1 PAS did not revoke the effect. PAS-independent suppression of transcriptional activity by FUS was also confirmed by ChIP of pSer2-RNAP II (Fig. 4F) .
Taken together, our analyses demonstrated that FUS induces transcription termination and polyadenylation of alternative short transcripts in a highly position-dependent manner. When FUS binds downstream from the APA site, FUS promotes transcription termination and polyadenylation, which increases production of polyadenylated short transcripts and decreases the generation of full-length transcripts. In contrast, when either FUS binds upstream of the APA site or a PAS is not present, FUS induces stalling of RNAP II, resulting in the suppression of gene expression.
FUS interacts with CPSF160 and promotes binding of CPSF160 to PAS-containing RNA
We next wished to determine the mechanism by which the binding of FUS to PAS facilitates the polyadenylation of a short transcript. First, we carried out fractionation of N2A cells in which FUS was present in both the soluble and the chromatin fractions, with more FUS in the soluble fraction. (Fig. 5A; Supplemental Fig. S5A ). RNAP II, especially the transcriptionally active form (IIo), was mainly distributed in the chromatin fraction ( Fig. 5A; Supplemental Fig. S5A ). Additionally, the majority of the 3 ′ end processing factors was present in the soluble fraction. However, CPSF160 and, to a lesser extent, WDR33 were in both the soluble and the chromatin fractions. RNAP II inhibitors DRB ( Fig. 5A ; Supplemental Fig. S5A ) and α-amanitin (Supplemental Fig. S5B ) resulted in the transfer of CPSF160 from the chromatin fraction into the soluble fraction, suggesting that the activity of RNAP II is involved in the distribution of CPSF160. Interestingly, CPSF160, which is indispensable for PAS-dependent polyadenylation (Schonemann et al. 2014) , also mediates PAS-dependent pausing of RNAP II (Nag et al. 2007) .
As our results have demonstrated that FUS induces stalling of RNAP II, we analyzed the interaction of FUS with RNAP II and CPSF160. Coimmunoprecipitation demonstrated that FUS interacts with RNAP II and CPSF160 (Fig. 5B) . Interestingly, RNase treatment of cell lysates largely diminished the binding of RNAP II but not of CPSF160 to FUS (Fig. 5B) . Treatment of N2A cells with RNAP II inhibitors rapidly reduced the interaction between FUS and RNAP II ( Fig. 5C; Supplemental Fig.  S5C ) but greatly increased the interaction between FUS and CPSF160 ( Fig. 5C; Supplemental Fig. S5D ). Consistently, the slow RNAP II mutant (C4) (Schor et al. 2009 ) increased interaction of FUS and CPSF160 (Supplemental Fig. S5E ). Our immunoprecipitation analysis also detected interactions of FUS with WDR33 and CstF64 (Fig. 5B) , although these interactions were minimally affected by the DRB treatment (Fig. 5C ). These results suggest that binding of nascent RNA to FUS enhances the interaction between FUS and RNAP II and that stalling of RNAP II induces movement of CPSF160 from the chromatin fraction to the soluble fraction and increases interaction of CPSF160 with FUS.
To elucidate a functional relationship between CPSF160 and FUS, we examined whether FUS can regulate the binding of CPSF160 to PAS-containing RNA. We performed RNA immunoprecipitation (RIP) analysis using a minigene that contained the Ewsr1-APA site (Fig. 3C) in Fus silenced N2A cells or Fus-overexpressed HEK cells and analyzed the functional interaction of these molecules in cells. As expected, Fus silencing decreased binding of CPSF160 to PAS-containing RNA, whereas Fus overexpression promoted it (Fig. 5D) . Similarly, RIP analysis of the MS2-tethering system (Fig. 4A) showed that tethering of FUS downstream from the APA site enhanced CPSF160 binding to PAS (Supplemental Fig.  S5G ). We also carried out an in vitro binding assay of an RNA probe harboring the APA site of the Ewsr1 gene (Supplemental Fig. S5F ) using an N2A nuclear extract with or without depletion of FUS. Our analysis revealed that CPSF160 binds to the RNA probe in a PAS-dependent manner and that the depletion of FUS greatly diminishes binding of CPSF160 to the RNA probe (Fig. 5E) .
Taken together, our analysis demonstrates that FUS dynamically regulates transcription termination and Figure 3C . The Ewsr1 minigene's mRNA was immunoprecipitated with anti-CPSF160 antibody. Ratios of the amount of coimmunoprecipitated RNA to that of input RNA were quantified by real-time RT-PCR using the RNA immunoprecipitation (RIP) primer pair in Supplemental Figure S5F . ( * ) P < 0.05; ( * * ) P < 0.01 by t-test. (E) FUS enhances binding of CPSF160 to PAS in vitro. Mock-depleted (Cont) and FUS-depleted (depF) N2A nuclear extracts were affinity-purified with an RNA probe carrying the wild-type (WT) or mutant (mut) PAS and resolved by immunoblotting. Location of the RNA probe is shown in Supplemental Figure S5F . polyadenylation through its interaction with RNAP II and CPSF160. RNA binding of FUS stalls RNAP II and terminates transcription, which results in the release of CPSF160 from chromatin fractions into soluble fractions. FUS bound downstream from PAS enhances binding of CPSF160 to PAS-containing RNA and promotes polyadenylation.
FUS regulates mRNA lengths of thousands of genes
We showed so far that binding of FUS downstream from an APA site increases the production of short transcripts by enhancing the interaction of FUS with RNAP II and CPSF160. In contrast, binding of FUS upstream of an APA site down-regulates the production of short transcripts by stalling RNAP II. In addition to activation of an APA, an alternative TSS may affect the mRNA length. We thus analyzed positions of TSSs and polyA sites of each gene using CAGE-seq and PolyA-seq data, respectively, in siCont-and siFus-treated cells. For each gene, we calculated the average positions of TSSs and polyA sites. Next, we estimated mRNA length, FUS CLIP tag coverage, and shift of TSSs and polyA sites by Fus knockdown (Fig. 6A) . Genes having FUS CLIP clusters up to −100, −200, −300, −400, and −500 nt upstream of the APA site are identified. Similarly, genes having FUS CLIP clusters up to +100, +200, +300, +400, +500 nt downstream from the APA site are identified. The 10 different gene sets were used for GSEA in E. (E) GSEA of genes indicated in B. The 10 gene sets identified in D were subjected to GSEA. Five gene sets carrying FUS CLIP clusters upstream of the APA sites are enriched in the lower region (blue lines), where the fractional mRNA lengths are shortened by Fus knockdown. In contrast, five gene sets carrying FUS CLIP clusters downstream from the APA sites are enriched in the upper region (red lines), where the fractional mRNA lengths are extended by Fus knockdown. (F ) Shifts of TSSs and polyA sites by Fus silencing in N2A cells. Shifts of TSSs and PolyA sites were calculated as explained in A. Genes were sorted in the order of the most shifted to the 3 ′ end to the most shifted to the 5 ′ end. FUS modulates mRNA length mostly by shifting polyA sites not TSSs (Supplemental Fig. S6E ). In addition, a shift of polyA sites is independent of that of TSSs in each gene (Supplemental Fig. S6F ). (G) Exon array analysis of APA-carrying exons and the other exons upon Fus knockdown in primary motor neurons. Array signals of APA-carrying exons are either more up-regulated or down-regulated by Fus knockdown compared with the other exons on the same genes. Increased upregulation or down-regulation by Fus knockdown results in broadly distributed fold changes with APA-carrying exons. P < 0.0001 by Ftest. The box denotes the 25th and 75th percentiles; a line within a box denotes the 50th percentile; whiskers denote values of the 75th percentile + 1.5 times the vertical distance covered by the box.
We first analyzed alteration of mRNA length by Fus knockdown (Fig. 6B) . Our analysis revealed that as many as two-thirds of genes changed their mRNA lengths: Transcripts in the top one-third were extended, whereas transcripts in the bottom one-third were shortened. The affected transcripts were covered by more FUS CLIP tags than the unaffected transcripts ( Fig. 6C; Supplemental  Fig. S6A ). Furthermore, gene set enrichment analysis (GSEA) (Subramanian et al. 2005) revealed that clustering of FUS downstream from an APA site was enriched in genes whose mRNA lengths were extended by Fus knockdown ( Fig. 6D,E; Supplemental Fig. S6B-D) . In contrast, clustering of FUS upstream of an APA site was enriched in genes whose mRNA lengths were shortened by Fus knockdown. These results again support the notion that FUS regulates the mRNA length in a position-specific manner.
We next analyzed GO of the top and bottom 1000 genes in which polyA site positions were affected by Fus knockdown (Fig. 6F) . As the top and bottom 1000 genes unexpectedly gave rise to similar GO terms, a combined set of 2000 genes was analyzed using DAVID (Dennis et al. 2003; Huang et al. 2009 ). We used 12,522 genes expressed in N2A cells according to our RNA-seq analysis as a background for the DAVID analysis. The analysis revealed that the length-affected genes had GO terms of neuronal activities and synaptic transmission (Supplemental Tables S1,  S2 ). In contrast, GO terms related to neuronal functions were not extracted from genes whose TSSs or expression levels were affected by Fus knockdown (Supplemental Tables S1, S2).
Because FUS is causally associated with the motor neuron disease ALS (Kwiatkowski et al. 2009; Vance et al. 2009; Ticozzi et al. 2011; Couthouis et al. 2012) , we also speculated about the possible role of FUS-dependent regulation of transcription termination and polyadenylation in motor neurons. We reanalyzed our previously published exon array data of mouse primary motor neurons (GSE42421) (Fujioka et al. 2013 ) and detected 121 APA sites that were either activated or suppressed in primary motor neurons compared with primary cortical neurons (GSE36153). As expected, Fus knockdown in primary motor neurons either activated or suppressed the 121 APA sites (Fig. 6G) . Similarly, the 121 APA-harboring genes were enriched with GO terms of synaptic transmission and neuronal activities (Supplemental Table S3 ). These results suggest that FUS may play an essential role in motor neuron-specific regulation of APA sites.
Discussion
We showed that FUS plays a pivotal role in position-specific activation/inactivation of transcription termination and polyadenylation, which is a process that regulates the mRNA lengths of approximately two-thirds of expressed genes. Based on our results, we propose the following model: FUS is recruited to RNA immediately after its transcription and locally inhibits RNAP II transcription, which leads to the release of CPSF160 from the chromatin fraction. When the FUS binding site is immediately downstream from the PAS, FUS promotes binding of CPSF160 to the PAS-containing RNA, which leads to transcription termination and polyadenylation of the bound RNA. This mechanism increases expression of a short transcript and suppresses expression of a long readthrough transcript. When there is no PAS immediately upstream of the FUS-binding site, only the transcription-suppressive effect of FUS is observed, and the FUS-bound transcript is down-regulated. Down-regulation of the alternative transcript may be simply due to premature termination of transcription before PAS, and the nascent transcript lacks PAS. Alternatively, FUS may bring CPSF160 in a spatially restricted manner. If PAS is lacking at the site where CPSF160 is presented, CPSF160 cannot initiate polyadenylation, which suggests that CPSF160 needs to be in the right place at the right time. Through such regulation of transcription termination and polyadenylation, FUS globally controls mRNA lengths (Fig. 7) .
Our studies show that the interaction between FUS and nascent RNA suppresses the local transcriptional activity of RNAP II. A recent report had shown that FUS forms fibrous assemblies in an RNA-dependent manner that are capable of binding to the CTD (Schwartz et al. 2013) . Furthermore, a previous study elucidated that FUS can affect CTD phosphorylation in vitro (Schwartz et al. 2012) . Thus, nascent RNA would stimulate fibrous assembly of FUS, which in turn would attenuate CTD phosphorylation and suppress transcriptional activity in vivo.
Our group and others have identified many aberrantly spliced exons in various Fus-suppressed cells (Ishigaki et al. 2012; Lagier-Tourenne et al. 2012; Rogelj et al. 2012; Fujioka et al. 2013) in which binding of FUS to RNA is enriched around alternative splice sites (Supplemental Fig. S3B ; Ishigaki et al. 2012) . Interestingly, the rate of RNAP II-mediated elongation also affects the splicing efficiency, with slow elongation favoring exon inclusion, and rapid elongation favoring exon skipping (Munoz et al. 2010) . Although FUS directly interacts with splicing factors (Tan and Manley 2009) , detailed molecular mechanisms underlying FUS-mediated alternative splicing remain to be elucidated. The positional retardation of transcription efficiency of RNAP II that we reported here may partly account for enhanced inclusion of alternative FUS-recognized exons.
It is known that RNAP II termination at the 3 ′ end of a gene is functionally coupled with an RNA maturation process in which the 3 ′ end of the nascent transcript undergoes polyadenylation (Kuehner et al. 2011) . Similarly, physiological early termination of RNAP II yielding an alternative short transcript, which is observed in more than half of human genes, is also coupled with an RNA maturation processes (Di Giammartino et al. 2011) . However, the mechanisms and factors involved in APA have not been fully understood (Tian and Manley 2013) . In our studies, we show that FUS is involved in both RNAP II termination and polyadenylation. It has been reported that U1 snRNP globally suppresses APA, although the position-specific regulation of U1 snRNP at APA sites has not been demonstrated (Kaida et al. 2010; Berg et al. 2012) . FUS is known to associate with U1 snRNP directly (Lagier-Tourenne et al. 2012; Yamazaki et al. 2012) . U1 snRNP may suppress APA by interacting with and displacing FUS from downstream from an APA site.
We show that FUS regulates transcription termination and polyadenylation by stalling RNAP II and enhancing recognition of APA along with CPSF160. Interestingly, another ALS-associated RNA-binding protein, TDP-43, facilitates pausing of RNAP II on TARDBP, the gene that encodes TDP-43 itself (Avendano-Vazquez et al. 2012) . In contrast to FUS, however, TDP-43 competes with a cleavage polyadenylation factor, CstF-64, and blocks recognition of a proximal polyA site of TARDBP, preventing generation of an alternative short transcript (Avendano-Vazquez et al. 2012) . Although the effects of TDP-43 on RNAP II and APA have not been globally analyzed, it is interesting to note that TDP-43 and FUS similarly stall RNAP II and regulate APA. Our GO analysis indicates that FUS regulates the APA of genes involved in the neuronal function, especially in synaptic activity (Supplemental Tables S1, S2 ). Aberration of position-specific regulation of RNAP II and APA by FUS and TDP-43 may be a key event in neurodegeneration in ALS.
Materials and methods
Antibodies
Antibodies to FUS (4H11), RNAP II (N20), CstF64 (C-20), and CFIm25 (2203C3) were purchased from Santa Cruz Biotechnology. Anti-RNAP II (8WG16) and pSer2-RNAP II (H5) were purchased from Covance. Anti-CPSF160 (A301-580A), CPSF30 (A301-585A), CFIm68 (A301-356A), CFIm59 (A301-359A), CPSF30 (A301-585A), and WDR33 (A301-151A) were purchased from Bethyl Laboratories. Anti-α-tubulin and anti-GAPDH antibodies were purchased from Sigma. Anti-histone H3 was purchased from Cell Signaling Technology.
Cell culture
N2A mouse neuroblastoma cells were grown in MEM with 10% fetal bovine serum at 37°C in 5% CO 2 . HEK293 cells were grown in DMEM with 10% fetal bovine serum.
RNAi and transfection
N2A cells were transfected with siRNA using Lipofectamine RNAiMAX (Life Technologies) according to the manufacturer's instructions. HEK293 cells were transfected with plasmids using Fugene6 (Promega) according to the manufacturer's instructions.
Two sets of siRNA duplexes against mouse Fus were synthesized by Sigma. The sense sequences of the siRNAs were as follows: siFus-1 (5 ′ -GAGUGGAGGUUAUGGUCAA-3 ′ ) and siFus-2 (5 ′ -CGACUGGUUUGAUGGUAAA-3 ′ ). When the number of siFus is not indicated (siFus) in the figures, siFus-2 was used for the experiments. We purchased the AllStar Negative Control siRNA (1027281) from Qiagen.
Western blotting
Western blotting was performed as previously described ).
RT-PCR
Extraction of total RNA, synthesis of cDNA, real-time RT-PCR, and splicing analysis were performed as previously described . Total RNA was reverse-transcribed using random primers (Life Technologies). For quantification of polyAtailed mRNA, Oligo(dT) 12-18 primer (Life Technologies) was used. PCR was performed using the LightCycler480 system (Roche) and the SYBR Premix Ex Taq II (Takara). Sequences of the primers used for PCR are listed in Supplemental Table S4 .
RNA-seq
Total RNA was harvested from N2A cells in a 6-cm dish transfected with siRNA using RNeasy minikit (Qiagen) according to the manufacturer's instructions. The cDNA library was generated with SMARTer cDNA kit (Clontech) and NEBNext reagents (New England Biolabs), and 100-base paired-end reads were obtained with an Illumina HiSeq2000 (Otogenetics Corp).
CLIP-seq
N2A cells were UV-irradiated at 400 mJ, and CLIP was performed as previously described . High-throughput 50-base-pair (bp) single-end sequencing was performed with the SOLiD 4 sequencer (Life Technologies) using one quad of a SOLiD sequencing slide for each sample. High-throughput 100-bp paired-end sequencings were performed with the Illumina HiSeq2000 sequencer at Riken Omics Science Center.
ChIP and ChIP-seq
ChIP-seq was performed using the 8WG16 antibody. The chromatin-immunoprecipitated DNAs and input DNAs were barcodetagged, pooled, and sequenced in a 100-base paired-end format by an Illumina HiSeq 2000 (Otogenetics Corp.). Details are described in the Supplemental Material.
Nascent-seq
Nasent-seq was performed as described elsewhere (Menet et al. 2012) . High-throughput 100-bp paired-end sequencing was performed with the Illumina HiSeq 2000 sequencer (Beijing Genomics Institute). Details are described in the Supplemental Material.
PolyA-seq
PolyA-seq was performed as described elsewhere (Derti et al. 2012 ) with linkers and sequencing primers adapted to Illumina platforms. High-throughput 75-bp single-end sequencing was performed with the MiSeq sequencer (Nagoya University).
CAGE-seq
CAGE-seq was performed as described elsewhere (KanamoriKatayama et al. 2011 ) with adapters and sequencing primers adapted to Illumina platforms. High-throughput 50-bp singleend sequencing was performed with the Illumina HiSeq 2000 sequencer (Riken Omics Science Center).
Cell fractionation
The cell fractionation was performed as described previously (Cernilogar et al. 2011; Ji et al. 2013 ) with some modifications. N2A cells were cultured in 10-cm dishes. Half of the cells were resuspended in 500 µL of RIPA buffer, treated with sonication, and centrifuged. The supernatants were saved as "whole fraction." The other half of the cells were lysed in 500 µL of CSKI buffer and centrifuged. The supernatants were saved as "soluble fraction." The pellet was washed twice in CSKI buffer and resuspended in 500 µL of CSKII buffer. The samples were added with 250 mM NH 2 SO 4 , and treated with sonication. After centrifugation, the supernatant (chromatin-soluble fraction) was collected, and the pellet (chromatin-insoluble fraction) was resuspended in 500 µL of RIPA buffer.
Immunoprecipitation
To inhibit transcription by RNAP II, N2A cells were treated with 10 μg/mL α-amanitin or the indicated concentrations of DRB for the indicated periods of time. For slowing the RNAP II speed, N2A cells were transfected with WT S , C4, or α-amanitin-resistant WT R RNAP II. α-Amanitin (10 μg/mL) was added to the medium to inhibit endogenous RNAP II at 24 h after transfection, and the cells were incubated for an additional 24 h. The cells were lysed in NETN buffer. For RNase treatments, total cell lysates were incubated with 1 µL of RNase A/T1 (Ambion) for 20 min at 30°C. Cleared cell lysate was incubated with 2 μg of the indicated antibody to form an immune complex for 2 h at 4°C. Next, 20 μL of Dynabeads protein G was added and incubated for 1 h at 4°C. Immune complexes were washed four times by NETN buffer and analyzed by Western blotting.
RNA affinity purification assay
RNA affinity purification assay was performed as previously described . Details are described in the Supplemental Material.
RIP assay
To eliminate the effects of cytoplasmic RNA, nuclear fraction was isolated, and RIP assays were performed. Details are described in the Supplemental Material.
3
′ RACE 3 ′ RACE was performed as described elsewhere (Kaida et al. 2010) . cDNA was synthesized using oligo dT18-XbaKpnBam primer, and 3 ′ RACE was carried out using the first and second (nested) forward primers and a XbaKpnBam reverse primer.
Luciferase assay
Dual-luciferase reporter assay was performed as previously described . Artificial 3 ′ UTRs of Gapdh and Ewsr1 were engineered into pRL-SV40 (Promega), and pGL3-Promoter vector (Promega) was cotransfected as a control.
Bioinformatic analysis
RNA-seq, CLIP-seq, CAGE-seq, PolyA-seq, Nascent-seq, and ChIP-seq reads were mapped to the reference mouse genome (NCBI build 37.1/mm9). In silico analyses were performed by writing Perl scripts and executing combinations of publically available software. Details are described in the Supplemental Material.
Accession numbers
CLIP-seq, RNA-seq, ChIP-seq, Nascent-seq PolyA-seq, and CAGE-seq data were registered in DDBJ DRA Sequence Read Archives with accession numbers DRA001190, DRA001198, DRA001194, DRA003231, DRA002447, and DRA002448, respectively.
